This study explored whether expression of aldehyde dehydrogenase 1 (ALDH1A1) in the primary tumor correlated with lymph node metastasis (LNM) of squamous cell carcinoma of the head and neck (HNSCC). We used both quantum dot (QD)-based immunohistofluorescence (IHF) and conventional immunohistochemistry (IHC) to quantify ALDH1A1 expression in primary tumor samples taken from 96 HNSCC patients, 50 with disease in the lymph nodes and 46 without. The correlation between the quantified level of ALDH1A1 expression and LNM in HNSCC patients was evaluated with univariate and multivariate analysis. The prognostic value of ALDH1A1 was examined by Kaplan-Meier analysis and Wald test. ALDH1A1 was highly correlated with LNM in HNSCC patients (p < 0.0001 by QD-based IHF and 0.039 by IHC). The two methods (QDbased IHF and conventional IHC) for quantification of ALDH1A1 were found to be comparable (R = 0.75, p < 0.0001), but QD-IHF was more sensitive and objective than IHC. The HNSCC patients with low ALDH1A1 expression had a higher 5-year survival rate than those with high ALDH1A1 level (p = 0.025). Our study suggests that ALDH1A1 is a potential biomarker for predicting LNM in HNSCC patients, though it is not an independent prognostic factor for survival of HNSCC patients. Furthermore, QD-IHF has advantages over IHC in quantification of ALDH1A1 expression in HNSCC tissues.
Introduction
Aldehyde dehydrogenase (ALDH), a cytosolic enzyme, is responsible for catalyzing the pyridine nucleotide-dependent oxidation of aldehydes to carboxylic acids. To date, 17 different isoforms of ALDH have been identified in a variety of human tissues, including liver, kidney, erythrocytes, skeletal muscle, lung, breast, brain, prostate, pancreas, and others 1 . In the liver, ALDH1 functions mainly as a retinoic acid biosynthetic enzyme and catalyzes the conversion of retinol (vitamin A) to retinoic acid. It is known that in mammals, retinoids are essential for normal development and homeostasis as they play a crucial role in the physiology of many organs and act as powerful morphogens during embryogenesis 23 . Therefore, the lack of functional ALDH1 might result in early embryogenesis disruption. Furthermore, ALDH1 was found to be highly expressed in stem cells in which its major function might be linked to retinoid metabolism 4 . ALDH1 has been reported largely as a marker for cancer stem cells or tumor-initiating cells in many types of solid tumors, including hematopoietic, breast, colon, pancreatic, prostate, liver, and head and neck cancers [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] .
Recently, high expression of ALDH1 has been proposed to be responsible for chemoresistance to cyclophosphamide (CPA) in a mouse xenograft model 1718 . In a study of human samples, high ALDH1 expression in breast cancer was correlated with poor clinical outcome, and increased ALDH1 expression was seen in breast tissue from patients with metastases compared to those without metastases 19 . Higher levels of ALDH1A1 were also detected in non-small cell lung cancer (NSCLC) as compared with small cell lung cancer 20 . The elevated expression of this enzyme in normal pneumocytes was found to be correlated with history of cigarette smoking. Expression of one of the ALDH1 family members, ALDH1A1, in squamous cell carcinoma of the head and neck (HNSCC) and dysplastic oral mucosa tissue samples was examined by Visus et al 21 . They found that 12 of 17 HNSCC and 30 of 40 dysplastic mucosa tissues expressed this protein. However, this study did not correlate ALDH1A1 expression status with adverse clinical features, such as metastasis, chemoresistance, or short survival. Recently, Yu et al. reported that co-expression of Bmi-1/ Snail/ALDH1 correlated with poor prognosis of HNSCC, but the study did not examine the direct correlation of ALDH1 with HNSCC metastasis 13 .
Head and neck cancers comprise the sixth most common cancer and are responsible for almost 200,000 deaths worldwide each year [22] [23] [24] . Ninety percent of all head and neck cancers are squamous cell carcinomas. Lymph node metastasis (LNM) of HNSCC is a strong indicator of poor prognosis. The five-year survival rate of HNC is less than 50% for patients with a single ipsilateral LNM and less than 25% for patients with bilateral LNM 2526 . An accurate biomarker might obviate the need for diagnostic neck dissections.
In this study, we examined expression of ALDH1A1 in clinical specimens from both nonmetastatic and metastatic HNSCC by using a nanoparticle quantum dot (QD)-based technique and conventional immunohistochemistry (IHC). We looked for correlations between the expression of this enzyme with LNM and survival of the HNSCC patients.
QDs are nanoscale particles made from inorganic semiconductors and have novel optical properties that can produce fluorescence emission at different wavelengths depending on their size and composition 27 . QDs have large molar extinction coefficients, meaning that they are very efficient at absorbing light at specific wavelengths. Not only do QDs have molar extinction levels 10-50 times that of organic dyes, QDs have longer excited state lifetimes compared with organic dyes, providing an optimized separation of QD fluorescence from the background fluorescence 28 . This study provides not only a basic understanding of ALDH1A1 expression and its potential biological significance in HNSCC, but also a new strategy for quantification of biomarkers in cancer tissue specimens, using a QD-based technology, which our experience demonstrates to be superior to conventional IHC.
Materials and Methods

Patients, tissue samples and cell lines
Utilizing an institutional review board-approved consent for tissue acquisition, specimens for this study were obtained from the primary surgical specimens of patients who were diagnosed with HNSCC at the Emory University Hospital and whose initial treatment was surgery with no prior treatment with radiation and/or chemotherapy. The selection criteria for the available formalin-fixed and paraffin-embedded tissue blocks included two groups: primary SCC with positive lymph nodes (Tu +LN , n = 50) and primary SCC with negative lymph nodes (Tu -LN , n =46). In the Tu -LN group, if any patient developed lymph node metastases within 2 years of the initial procedure they were excluded from this group. The clinical information associated with the samples was obtained from the Surgical Pathology files in the Department of Pathology at Emory University following the regulations of the Health Insurance Portability and Accountability Act (HIPAA).
Lung cancer cell line A549, purchased from American Type Culture Collection (Manassas, VA), was used to check the specificity of the anti-ALDH1A1 antibody 2029 . The cells were grown in DMEM:F12 (1:1) supplemented with 5% fetal bovine serum.
Immunohistochemistry (IHC)
Formalin-fixed, paraffin-embedded tissue sections were used for IHC, as described previously 30 . In brief, the slides were incubated with primary antibody against ALDH1A1 (N-19, 1:200 dilution, Santa Cruz Biotechnology, Santa Cruz, CA). The staining of the antibody was observed by diaminobenzidine tetrahydrochloride peroxidase substrate solution (Vector Laboratories, Burlingame, CA). Cell nuclei were counterstained by hematoxylin QS (Vector Laboratories). Immunoglobulin G (IgG) was used as a negative control, and adjacent normal epithelial tissue with known positive immunoreactivity to anti-ALDH1A1 antibody was used as positive control. The intensity of IHC staining was scored according to the following scheme: 0: no staining, 1+: <5 %; 2+: 5-25%; 3+: 25-50%; 4+: >50% cells staining. In order to compare IHC with QD-based immunohistofluorescence (IHF), the intensity of IHC staining of 30 samples was re-quantified as a weighted index [WI= % positive staining x intensity score (0, no expression; 2+, moderate expression; and 3+, strong expression)], as described in our previous publication 30 . The score was determined by 2 individuals, and the final values were the average of the 2 readings.
Immunoblotting analysis
Whole cell lysates were extracted from drug-treated cells using lysis buffer. Fifty micrograms of protein was separated by SDS-PAGE, transferred onto a PVDF membrane (Millipore Co., Bedford MA), and immunostained with the same antibody used in the IHC.
Immunostained protein bands were detected with an enhanced chemiluminescense kit (ECL, Amersham, Buckinghamshire, UK).
QD-based immunohistofluorescence (IHF)
Secondary antibodies labeled with QDs (QD655-2nd rabbit anti-goat Abs and QD605-2nd goat anti-mouse Abs) were purchased from Invitrogen Life Technologies Inc (Carlsbad, CA). QD-based IHF staining was performed as described previously by our laboratory 31 . In brief, after the preparation steps, a primary antibody against pan-cytokeratin (clone AE1/ AE3, Dako North America Inc., Carpinteria, CA) and the ALDH1A1-specific antibody used in IHC (1:200) were simultaneously applied to the surface of the slide and incubated overnight at 4°C. After washing with phosphate-buffered saline (PBS) 3 times, the QD655-2nd and QD605-2nd Abs were added to the slides with further incubation for 1-hour at 37°C. The slides were washed 3 times with PBS, counterstained with 4', 6-diamidino-2phenylindole (DAPI), mounted, and stored at 4°C under dark conditions.
Quantification of QD-based IHF
The Nuance™ fluorescence microscope system (Cambridge Research & Instrumentation [Cri] Biomedical Systems Inc. Woburn, MA) was used for quantification of the QD-IHF signals. As illustrated in Figure 1A -1D, a spectral library composed of DAPI, autofluorescence, QD605, and QD655 was set up initially. The acquired QD-IHF signals as a cube were unmixed according to their wavelengths in the library. For each slide, 10 cubes were taken randomly, DAPI and pan-cytokeratin (QD605) images were used as tumor masks to determine the area of interest (AOI). Based on both cytokeratins and DAPI, 50 cells were randomly selected in each cube. The total signals of the 10 cubes, as arbitrary unit (au), were averaged and used for correlation with clinical characteristics, including LNM. In order to compare IHC with QD-based IHF, the intensity of IHF staining of 30 samples was requantified as a WI (% positive staining x au).
Data and Statistical Analyses
The correlation between ALDH1A1 expression levels measured by IHC and that by QD-IHF was calculated using Spearman's rank correlation. The Wilcoxon-Mann-Whitney two sample rank-sum test was applied to assess differences in the distribution of ALDH1A1 expression in Tu -LN and in Tu +LN . Correlations between ALDH1A1 expression level and clinical characteristics were performed in all patients and within Tu -LN and Tu +LN separately. The Wilcoxon-Mann-Whitney two sample tests were also applied to assess the association between the level of ALDH1A1 and binary clinical characteristics (gender, tobacco history, whether received chemotherapy, and whether received radiation therapy). Kruskal-Wallis tests were applied for categorical variables with more than two categories (tumor site, stage, differentiation, T, and node status). Receiver operator characteristic curve (ROC) analysis was performed to define the cut off for expression value with best predictive power on metastasis, by maximizing the sum of sensitivity and specificity in the curve. Patients were classified into low or high groups based on this cut-off value. Kaplan-Meier survival estimates were generated for these two groups of patients. Log-rank test was employed to compare the difference in overall survival or disease free survival between the patients with low and high ALDH1A1 expression level. The five-year survival estimates of the two groups of patients were compared by using Wald test. Multivariable logistic regression analysis was performed to examine the adjusted association between ALDH1A1 expression value and the outcome (metastatic status or 5-year survival rate) after adjusting for age, sex, T-stage, differentiation, tumor site, and smoking. Tests were considered significant at P < 0.05. The SAS statistical package V9.2 (SAS Institute, Inc., Cary, North Carolina) was used for all data management and analyses.
Results
Clinical characterization of patient samples
The clinicopathologic parameters for the study groups, including age, gender, tobacco history, tumor site, and stage and their correlations with LNM are listed in Table 1 . Patients' age ranged from 22 to 88 with a median 61.5 years. The median follow up was 5.2 years with a range of 1 to 12.5 years. Gender distribution was 69% male and 31% female. The majority of patients were smokers (85%). The lesion sites involved were oropharynx (OP: 30%), larynx (L: 26%), and oral cavity (OC: 44%), with 69% moderately differentiated, 15% poorly differentiated, and 16% well differentiated tumors. 28%, 36%, 17%, and 19% of the patients had T1, T2, T3, and T4 tumors, respectively, while 14%, 18%, 21%, and 47% were staged to I, II, III, and IV, accordingly. Most of the patients had treatment with radiation (70%), but not chemotherapy (11%) after the surgery.
IHC and QD-IHF are comparable in quantification of ALDH1A1 in HNSCC tissues
To develop the QD-IHF technique, we initially checked the specificity of the anti-ALDH1A1 antibody using A549 cells, which overexpress ALDH1A1 and ALDH3A1 20 . Western blot analyses showed a single band at the 55kDa position corresponding to ALDH1A1, but did not reveal a band at 50kDa corresponding to ALDH3A1 ( Figure 1E ). No non-specific bands were observed under the exposure conditions used. We then validated the QD-IHF method by comparing it with conventional IHC since this was the first reported use of QD-IHF to quantify ALDH1A1 expression in formalin fixed and paraffin embedded (FFPE) tissues. Figure 2A and 2B show that ALDH1A1 expression was predominantly found in the cytoplasm. Quantification of ALDH1A1 staining using the IHC and QD-IHF methods was comparable (R = 0.75, p < 0.0001) ( Figure 2C ), but the QD-IHF signals are expected to be more sensitive and its quantification is more objective than that of conventional IHC.
Correlation of ALDH1A1 expression with clinical characteristics including LNM of HNSCC
ALDH1A1 expression was significantly higher in the metastatic Tu +LN tumors than in the non-metastatic Tu -LN group, when compared by both IHC (1.52 ± 1.64 vs. 2.34 ± 1.99, p = 0.039) and QD-IHF (1.79 ± 0.44 vs. 4.99 ± 0.84, p < 0.0001, Figure 2D ) analyses. However, it was observed that the standard deviation of the mean values determined by IHC analysis was much higher than that determined by QD-IHF (% of SD over mean value: 108% vs. 25% for the Tu -LN group and 85% vs. 17% for the Tu +LN group). Therefore, the expression level of ALDH1A1 determined by QD-IHF was used to explore correlations with clinical characteristics. Univariate analysis showed that ALDH1A1 was not correlated with most clinicopathologic characteristics in patients with and without metastasis ( Table 2 ). However, both univariate ( Figure 2D ) and multivariable (Table 3 ) analyses, which considered T stage, smoking, age, tumor site, differentiation and sex as covariates, showed that ALDH1A1 expression level was highly associated with positive lymph node status in HNSCC patients (OR: 1.667, 95%, CI: [1.162, 2.393], p = 0.0055).
Prognostic value of ALDH1A1 expression determined by QD-IHF
Patients were classified into low (≤1.3) or high (>1.3) groups based on their ALDH1A1 values compared to the cut-off value of ALDH1A1 expression (1.3) from ROC analysis, which had the best predictive power of spread to lymph nodes. Kaplan-Meier survival estimates indicated that patients with higher ALDH1A1 level had worse overall survival and disease free survival than those with lower ALDH1A1, although this was not statistically significant (Figure 3 ). Five-year survival and disease-free survival rates were significantly and near significantly higher in patients with low ALDH1A1 level than those with high ALDH1A1 level (p = 0.025 and 0.065, respectively) (supplementary data Table S1 ). This significant difference was not observed when the IHC method was applied (p > 0.05). Since patients with oropharyngeal (OP) HNSCC are known to have better outcomes than other HNSCC patients due to the high incidence of human papillomavirus (HPV) infection in OP HNSCC 3233 , it is of interest to determine whether ALDH1A1 status may be a stronger prognostic marker when excluding the OP population. Five-year survival was more significantly correlated with low ALDH1A1 level when the OP population was excluded from the analysis (p = 0.012), but the five-year disease-free survival rate was not significantly correlated with ALDH1A1 level (p = 0.181, supplementary data Table S2 ). Multivariable logistic regression analysis showed that the dichotomized ALDH1A1 level had no significant adjusted effect on the 5-year survival rate after considering other covariates, including the metastasis status which was a significant factor in the 5-year survival rate (p = 0.037, supplementary data Table S3 ). These data suggest that ALDH1A1 expression is not an independent prognosis factor and its effect on survival results from its correlation with metastasis.
Discussion
Our study clearly showed that ALDH1A1 expression was highly associated with lymph node metastasis of HNSCC and was associated with poor prognosis in patients with HNSCC. The significant correlation between disease in the lymph nodes and the level of ALDH1A1 expression in the HNSCC samples as determined by QD-IHF was not observed when ALDH1A1 expression was examined with conventional IHC, though the two methods were significantly comparable. Due to the semi-quantitative nature, large variations were obtained when quantifying ALDH1A1 expression by the IHC method, suggesting that QD-IHF can more accurately and objectively determine protein levels in FFPE tissues than conventional IHC. This notion is supported by comparison of the standard deviation when using the two methods, where it is common to observe a high level of standard deviation in IHC analysis. ALDH1, not its specific isotype ALDH1A1, has been described as a biomarker for cancer stem cells or tumor initiating cells in many types of cancers, including head and neck cancer 5712-143435 . Which ALDH1 isoforms, including ALDH1A1, are associated with cancer stem-like cells has not been addressed in the current literature including our study, which focuses on lymph node metastasis of HNSCC and did not explore other ALDH1 isoforms.
Increasing evidence shows a correlation between ALDH1 with metastasis and poor prognosis in breast, prostate, and adenoid cystic cancers. As a biomarker of normal and malignant human mammary stem cells, ALDH1 was first reported as a predictor of poor outcome for breast cancer by Ginestier et al 7 . Recently, Charafe-Jauffret et al. found that ALDH1 mediated metastasis in a breast cancer animal model and was associated with poor prognosis in inflammatory breast cancer 36 . Similar observations were also reported in prostate cancer 12 , adenoid cystic carcinoma 37 , and pancreatic adenocarcinoma 6 . In head and neck cancer, Yu et al reported that in the ALDH1-positive population, Bim regulated the expression of Snail, an E-cadherin suppressor, and promoted lung metastasis in an animal model 13 . In another study, Chen et al. reported that Snail was co-expressed with the CD44 + / CD24 -/ALDH1 + population isolated from HNSCC patients, suggesting that the ALDH1positive population may hold the property of epithelial-mesenchymal transition which is essential for cancer metastasis 34 . It is currently unknown whether ALDH1 is a biomarker of metastasis or actually promotes metastasis.
Based on our observations, total ALDH1A1 expression may not be a biomarker for HNSCC stem cells since its percentage expression was high (larger than 25%) in the majority of HNSCC tissues, particularly in those with metastases. Due to the commercial availability of the antibody, current studies of ALDH1A1 expression in FFPE tissue cannot distinguish the total level of the protein from its active form, which might affect the accuracy of using ALDH1A1 as a biomarker for HNSCC stem cells.
Our current study suggests that ALDH1A1 is a potential biomarker for prediction of HNSCC lymph node metastasis. The possibility for quantification of multiple biomarkers using QD-IHF technology may enhance the specificity and sensitivity of metastasis prediction when compared with single biomarkers. A new QD-IHF-based multiplex biomarker technology is currently under development in our laboratory for the prediction of HNSCC metastasis.
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Figure 1. Quantification of QD-IHF signals using Nuance™ (CRi) imaging system
A: A spectral library composed of DAPI (blue), autofluorescence (black), QD605 (green) and QD655 (red) were pre-set before the analysis; B: cytokeratin (QD605) and DAPI; C: ALDH1A1(QD655) and DAPI; D: Mixed image of cytokeratin (QD605), ALDH1A1(QD655), and DAPI. DAPI and cytokeratin were used as tumor masks to define the area of interest (tumor cells). Based on the tumor mask, fifty cells were randomly selected from each of images acquired. Ten images obtained from each sample were used for the quantification. E: Immunoblotting analysis of ALDH1A1 in A549 cells which are known to express ALDH1A1 and ALDH3A1. A549 cells serve as a specificity control for anti-ALDH1A1 antibody.
Figure 2. Correlation between QD-based IHF and conventional IHC
A: ALDH1A1-positive tumor; B: ALDH1A1-negative tumor; C: Correlation between ALDH1A1 expression levels measured by IHC and by QD-IHF was calculated using Spearman's rank correlation. The result shows that these two methods are comparable (R=0.75, p<0.0001). D: Box-Plot for ALDH1A1 in non-metastatic and metastatic groups. The expression of ALDH1A1 in the metastatic group is significantly higher than that in the non-metastatic group (p < 0.0001).
Figure 3. Kaplan-Meier overall and disease free survival estimates for HNSCC patients stratified by ALDH1A1 expression level
All 96 patients were classified into low and high groups based on the cut-off value determined by the ROC model. HNSCC patients with low ALDH1A1 expression have higher 5-year survival rate (p = 0.025) (A) and 5-year disease free survival rate (p = 0.065) (B) than those with high ALDH1A1 expression. Multivariable logistic regression model to assess independent association of ALDH1A1 expression level with lymph node metastasis Eur J Cancer. Author manuscript; available in PMC 2013 July 01.
